Introduction: Castration resistant prostate cancer (CRPC) has been characterized by a reactivation of the androgen receptor (AR) signaling pathway via alterations in androgen metabolism and AR aberrations. High-dose testosterone (HDT) is emerging as an active treatment in metastatic CRPC, however, biomarkers of response are unknown. We hypothesized that responses to HDT might impact the genomic expression of AR alterations found in circulating-tumor DNA (ctDNA).
INTRODUCTION
Metastatic castrate resistant prostate cancer (mCRPC) remains a significant challenge for clinicians today. Among FDA-approved mCRPC therapies, novel hormonal therapies like abiraterone and enzalutamide, improve overall survival and provide initial clinical responses by targeting the androgen receptor (AR) pathway, but disease invariably progresses and further responses to AR pathwaydirected therapy are in most cases, limited [1] [2] [3] .
Castration-resistant disease has been characterized as dependent upon reactivation of the AR signaling pathway via alterations in androgen metabolism and AR gene aberrations, including alterations such as point mutations, gene amplifications, and ligand-independent splice variants [4, 5] . Adaptive overexpression of the AR and AR ligands promotes androgen-dependent growth resisting the castrate microenvironment in mCRPC [6] . Identification of these genetic biomarkers via next-generation sequencing (NGS) provides a better understanding of treatment resistance in mCRPC [7] [8] [9] .
In the context of chronic testosterone suppression and despite tumor resistance to conventional antiandrogen therapy, higher doses of testosterone may have a positive Research Paper www.oncotarget.com therapeutic effect in a subset of mCRPC patients [10, 11] . Several studies have investigated the use of highdose testosterone therapy (HDT) within castrate-resistant prostate cancer, either continuously using transdermal patches/gels or intermittently with intramuscular injections [12] [13] [14] [15] [16] . Although continuous and intermittent administration of exogenous testosterone are both viable strategies, more data is available with intermittent injections, coined "bipolar androgen therapy" (BAT) [10] . Ongoing Phase II trials (RESTORE & TRANSFORMER), have demonstrated successful administration of HDT via BAT resulting in clinical responses, low toxicity, improved quality of life, and re-sensitization to enzalutamide; thus justifying HDT as an emerging novel alternative therapeutic approach [16] .
While there is preliminary clinical data supporting HDT as a therapeutic option, biomarkers of response are unknown [16] . In this pilot study, we assessed the safety and efficacy of HDT in mCRPC and analyzed the impact of genomic changes in the AR gene in the clinical outcomes of these patients.
RESULTS

Baseline clinical characteristics
Between May 2016 and April 2019, a total of 33 mCRPC patients, median age of 73 (60-88), 88% Caucasian and a median initial PSA 29.3 ng/mL (0.04-845), were treated with HDT. The majority (61%) had bone only disease, 36% lymph node, and 3% with visceral metastases. Prior to HDT, patients received a median of 2 (1-10) lines of treatment for CRPC (multiple lines of the same therapy were included), including second generation hormonal therapies (100%), taxanes (33%), immunotherapy (Sipuleucel-T, n = 8; Pembrolizumab, n = 2) (24%), and radium-223 (24%). Most patients (88%) received abiraterone (n = 16), enzalutamide (n = 7), or both sequentially (n = 6) immediately prior to HDT administration for a median 11.2 months (95% CI, 6.4-15.9). Additional baseline patient clinical characteristics are summarized in Table 1 .
HDT and oral antiandrogen therapy re-challenge
Thirty-three patients received testosterone cypionate injections q 2-4 weeks (w) (2w, n = 6; 3w, n = 13; 4w, n = 14). At time of last data collection time point (May 7th, 2019), eight patients were still receiving HDT. After HDT initiation, serum testosterone levels rose from castrate levels to median nadir testosterone concentrations of 309 ng/dL (109-1134), 383 ng/dL (60-757), and 280 ng/dL (74-296) for HDT administrations of 2w, 3w, and 4w, respectively.
With median follow-up time of 5.9 months (1.8-27.6), HDT was administered for median of 5 (2-15) cycles and for median treatment duration of 4.0 months (95% CI, 2.6-5.3). Almost one fourth (24%) of patients achieved PSA50 and 48% of patients achieved PSA30 ( Figure 1 ). Median duration of response for PSA50 responders was 2.3 months (95% CI, 1.7-2.8). Eight patients (24%) had an initial PSA rise with subsequent decline past their baseline PSA. Median time to PSA response (PSA50) was 0.9 months (95% CI, 0.3-1.4). Over three quarters of patients (79%, 26/33) achieved confirmed PSA progression leading to median TPP of 2.8 months (95% CI, 2.1-3.4). Patients with elevated baseline LDH levels (≥240 units/L) (p = 0.038) were associated with worse treatment outcomes.
After HDT discontinuation, twenty patients were re-challenged with abiraterone (n = 2) or enzalutamide (n = 18) with 30% (6/20) PSA50 responses and median duration of response of 1.2 months (0.7-3.7). Five patients received enzalutamide before and after HDT with 40% (2/5) achieving PSA50. Thirteen patients received abiraterone prior to HDT and subsequent enzalutamide following HDT discontinuation. Seven patients were still undergoing HDT at time of last data collection with 31% (4/13) PSA50 responses so far. Two patients received abiraterone before and after HDT with no PSA responses observed.
Overall, HDT administration was safe and tolerated well with few reports of new or worsening symptoms. Adverse events (AEs) of any cause or grade were reported in less than a third (30%, 10/33) of the cases and included insomnia (n = 1), acute pain (n = 3), rash (n = 1), urinary obstruction (n = 1), acne (n = 1), asthenia (n = 1), thrombocytopenia (n = 1), and gynecomastia (n = 1). Two grade 4 AEs involving asthenia and thrombocytopenia were observed during treatment with HDT and possibly related to HDT. No dose-limiting toxicities or treatmentrelated deaths were observed.
Genomic findings
All patients received baseline ctDNA testing, with median time from testing to HDT initiation of 0.4 months (95% CI, 0.0-0.9). ctDNA testing revealed AR alterations in 39% of patients (amp, n = 7; mut, n = 5; both, n = 1); 48% TP53, and 12% DNA repair (ATM n = 1; BRCA2 n = 2; BRCA1 n = 1). Seven patients were positive for germline alterations (BRCA2 n = 2; BRCA1 n = 1; ATM n = 1; HOXB13 n = 1; PMS2 n = 1; MUTYH n = 2) with one patient having both BRCA2 and MUTYH.
No significant association was detected between baseline AR, TP53 and, DNA repair alterations with PSA response and TPP after HDT. With median baseline ctDNA% of 1.10 (0-80.9), patients were categorized above and below the median. Although no statistically significant difference was observed, patients above the median had numerically worse TPP outcomes (p = 0.435) (ctDNA% ≤1.10, 4.2 months (95% CI, 0.9-7.4); ctDNA% >1.10, 2.6 months (95% CI, 1.6-3.5). www.oncotarget.com
With three patients still on HDT at time of last data collection, all patients with baseline AR alterations with repeated ctDNA data (69%, 9/13), achieved decreased expression of those AR alterations (Table 2) . AR mutations receiving alteration knockdown were W742C, T878A, L702H, M896V, and V716M. PSA responses for this subset of patients were as follows PSA50 (n = 2), PSA30 (n = 3), and non-responders (n = 4). Only one patient receiving a repeated ctDNA assay reported a new detection of an AR alteration (AR W742L).
DNA repair alterations, somatic and germline, were detected in 12% of patients (germline-only, n = 1; germline and somatic, n = 3). Somatic DNA repair alterations detected, included BRCA2 (C2363fs; W2970*; L2357fs), BRCA1 (M1?), and ATM (R3008C). Germline DNA repair alterations included BRCA2 (V1486Nfs; L2357Vfs), BRCA1 (Initiator Codon), and ATM (L762Vfs). One patient with DNA repair alterations achieved PSA50 while two achieved PSA30 responses. The BRCA1 germline and somatic patient achieved PSA50 after one cycle of HDT. One patient with germline HOXB13 (G84E) had an ongoing PSA50 response after five cycles of HDT and four months of therapy.
DISCUSSION
The adaptive upregulation of AR within mCRPC is an important component of disease progression and resistance to effective androgen deprivation therapy and antiandrogens [5] . To our knowledge, this was one of the first clinical studies to suggest that HDT has the ability to alter AR adaptation potentially creating additional opportunities for further AR-signaling inhibition. In this study, HDT was safe and active in a subset of mCRPC patients and despite small numbers, those with DNA repair genes might yield higher responses.
In general, biochemical responses were observed in approximately one third of the patients with time to PSA progression slightly under three months, which was very similar to findings reported in the ongoing RESTORE trial which reported 30% PSA50 and median TPP of over 3 months in patients treated with BAT in their enzalutamide re-challenge cohort [16] . Whether PSA50 represent true disease response to re-challenge strategy or just a return to pre-HDT baseline levels is not completely clear.
Decreased AR expression experienced in all patients with baseline AR alterations was very interesting, but somewhat expected due to the elimination of the androgendeprived state. Whether the low re-detection rate of the same AR alteration is a consequence of the lower burden of ctDNA in the blood post-treatment rather than an actual change in the AR status of the tumor, is unknown. Additionally, the impact of confounding factors such as glucocorticoid receptor upregulation in the mCRPC state should be considered. But it is at least plausible that HDT might have the potential to manipulate the adaptive nature of AR and a potential re-sensitization to further ARsignaling inhibition after HDT. To our knowledge, this has not been studied before in the clinical setting and requires further validation.
As suggested in previous studies, patients challenged to abiraterone post-HDT received limited success while responses to enzalutamide post-HDT were higher [16] . Whether enzalutamide's inhibitory activity on the AR is a more adequate approach post-HDT than abiraterone is unknown. Interestingly, D4A, an abiraterone metabolite, has a comparable AR affinity to that of enzalutamide [17] . AR-V7 examination was not included in this study, but investigation into HDT's effect on AR-V7 mutant patients should be of interest. Further investigation is required to assess the optimal sequence of oral antiandrogen administration before and after HDT.
Although no significant associations between baseline ctDNA and TPP were detected, the serologic responses observed in DNA repair patients was intriguing. Previous studies have demonstrated the AR acts as a licensing factor in DNA replication in androgen sensitive prostate cancer cells and that androgens induce doublestrand DNA breaks within prostate cancer cell lines [18] [19] [20] [21] . Potentially, tumors with DNA repair alterations are more sensitive to HDT. In a recent study, supraphysiologic androgen was shown to repress genes in DNA repair and delay restoration of damaged DNA and an enhanced effect in patients with DNA damage repair genes was observed [22] . Additionally, a case report on a germline BRCA2 and ATM positive patient treated with BAT achieved an undetectable PSA after 2 cycles, complete radiographic response after 6 cycles, and unmeasurable disease after 20 cycles [23] . With these experiences and eighty percent of our DNA repair patients achieving serologic responses, further examination into HDT exposure with DNA repair defects and in combination with DNA-repair targeted therapies is warranted.
Importantly, no major safety signals were identified. Regular intramuscular injections of testosterone cypionate was safe with no treatment discontinuation due to side effects, low number of significant AEs, and no treatmentrelated deaths. It is likely that our selected population with good performance status, low number of prior CRPC therapies, and bone-predominant disease have contributed to this favorable toxicity profile.
The main limitations of our study revolve around its retrospective nature, small patient size, limited access to metastatic lesion biopsies, heterogenous testosterone administration, and single center experience. Although patients received consistent forms of HDT, there was variation in the dosing interval and peak levels of testosterone were not measured in this real-world experience. Despite responses and time to progression were in line with published data, radiographic progression could not be assessed in this pilot, small study. Abiraterone and enzalutamide post-HDT data is premature and further analysis is necessary to confirm the efficacy of tumor re-senitization. Finally, while tissue biopsies remain the gold standard for detecting somatic alterations, ctDNA assays were used in this study. Known challenges of tissue biopsies of metastatic lesions include higher cost, location of metastatic sites, and potential biopsy failures [24] . Recently, Wyatt et al. examined the concordance of metastatic lesions and ctDNA demonstrating ctDNA assays sufficiently detect clinically relevant DNA driver alterations [24] . Concordance between ctDNA and tissue remains an important question and needs to be further evaluated.
In conclusion, in this retrospective study, exogenous testosterone for mCRPC led to a decrease in AR copy number and mutations which was independent from response to therapy. Further understanding of the genomic alterations predicting HDT response is required to explore the role of DNA repair and other genomic implications for optimal patient selection for this therapy.
MATERIALS AND METHODS
This was a retrospective, real-world analysis of consecutive mCRPC patients treated with ≥2 testosterone cypionate injections at Tulane Cancer Center, New Orleans, LA between May 2016 and April 2019. Patients included were men ≥18 years with Eastern Cooperative Oncology Group (ECOG) performance status ≤2, confirmed prostatespecific antigen (PSA) progression with castrate serum testosterone levels (≤50 ng/dL), and documented metastases via CT scan and/or nuclear medicine bone scan. HDT was defined as administration of testosterone via intramuscular 400 mg testosterone cypionate injections q 2-4 w while receiving continuous luteinizing hormone-releasing hormone agonist therapy. Patients receiving any form of Prior to HDT initiation, NGS was performed (Guardant360, Redwood City, CA) to collect baseline circulating-tumor DNA (ctDNA) alterations including amplifications (amps) and mutations (muts; allele fraction ≥0.3%). Subsequent ctDNA testing following HDT progression was performed but was optional, per treating physician's discretion. Guardant360 assay examines ctDNA detecting point mutations (73 genes), indels (23 genes), copy number amplifications (18 genes), and fusions (6 genes) in select genes and exons. All patients were consented for and received germline genetic testing (Invitae Corporation, San Francisco, CA) prior to HDT initiation. Examination of electronic medical records was performed to collect baseline clinical characteristics and assess clinical outcomes and adverse events. Clinical outcomes assessed included PSA response, time to PSA progression (TPP), and adverse events (AEs).
PSA responses (PSA50 and PSA30) were defined as PSA decline of ≥50% or ≥30% from baseline PSA level prior to HDT initiation. PSA progression was defined as 25% increase from nadir PSA (confirmed by a second rising PSA four weeks later) per Prostate Cancer Working Group 3 (PCWG3). Patients receiving an initial rise in PSA after receiving one dose of HDT continued therapy until a second confirmatory rising PSA. Time to PSA progression (TPP) was defined as the time from HDT initiation to PSA progression. Duration of response, defined as time from PSA50 to TPP, was assessed for PSA50 responders. Clinical outcomes in relation to abiraterone and enzalutamide re-challenge were assessed including treatment duration and PSA50. PSA50 with respect to abiraterone and enzalutamide re-challenge was defined as PSA decline of ≥50% from baseline PSA level post-HDT. Lines of CRPC therapy included new therapies or re-challenge with same therapy during the disease course (eg, a sequence of enzalutamide, HDT, enzalutamide was considered 3 lines of therapy).
Safety was assessed at each clinical visit (clinical visit before each testosterone administration for testosterone cypionate administration). Adverse events of any cause were collected consistently from data in clinical records.
Statistical analyses including the association of ctDNA and clinical characteristics with clinical outcomes, including PSA responses and TPP, were conducted. Chisquare test, fisher exact test, and Kaplan-Meier estimator were used and a p-value < 0.05 considered statistically significant.
